The Immunomodulatory Functions of RIG-I-Like Receptors (RLRs): Therapeutic Opportunities and Challenges {#sec0005}
=======================================================================================================

**Retinoic acid-inducible gene I** (RIG-I)-like receptors (RLRs) (see [Glossary](#glo0005){ref-type="glossary"}) are **pattern-recognition receptors** (PRRs) that play a key role in the cytosolic sensing of RNA viruses through recognition of viral RNA or viral replication intermediates to initiate the innate immune response [@bib0005]. The RLR family is composed of three ubiquitously expressed members, RIG-I, **melanoma differentiation-associated protein 5** (MDA5), and laboratory of genetics and physiology 2 (LGP2). All three RLRs possess a DExD/H-box RNA **helicase** domain and a C-terminal domain (CTD), while only RIG-I and MDA5 harbor N-terminal **caspase-recruitment domains** (CARDs) that are necessary for signaling ([Figure 1](#fig0005){ref-type="fig"} ) [@bib0010]. Upon ligand recognition and binding, RIG-I and MDA5 undergo a conformational change that renders the CARD domains available for **homotypic interaction** with the membrane-associated common adaptor mitochondrial antiviral-signaling (MAVS) protein anchored in the membranes of mitochondria, peroxisomes, and mitochondrial-associated endoplasmic reticulum membranes (MAMs) [@bib0015]. MAVS activation results in the coordinated activation of the transcription factors nuclear factor κ/light-chain enhancer of activated B cells (NF-κB) and interferon regulatory factor (IRF)3 through the IκB kinase (IKK) complex (α/β/γ) and IKK-related tank-binding kinase (TBK) 1/IKKε kinases, respectively. These events culminate in the transcriptional regulation of type I and III **interferons** (IFNs) and proinflammatory **cytokines**, thereby establishing an antiviral and immunoregulatory state [@bib0005], [@bib0015] ([Figure 2](#fig0010){ref-type="fig"} , Key Figure).Figure 1Structure and Associated Polymorphisms in RIG-I and MDA5. Both RIG-I and MDA5 possess N-terminal caspase-recruitment domains (CARDs, in blue), a helicase domain (in pink), and a C-terminal domain (CTD, in green). Single-nucleotide polymorphisms (SNPs) in *DDX58* and *IFIH*, genes encoding RIG-I and MDA5 respectively, result in gain-of-function mutations in the helicase domain (depicted by the asterisk) that are associated with various autoimmune and inflammatory diseases such as Singleton--Merten syndrome (SMS), Aicardi--Goutières syndrome (AGS), systemic lupus erythematosus (SLE), type 1 diabetes, and Graves' disease ([Box 1](#tb0005){ref-type="boxed-text"}).Figure 1Figure 2Key Figure: RIG-I- and MDA5-Dependent Immunomodulatory PathwaysThe RIG-I and MDA5 sensors are respectively activated by 5′ppp low molecular weight (LMW) and high molecular weight (HMW) viral RNA or viral intermediates containing double-stranded (ds) RNA structures. Ligand binding results in CARD-mediated interactions with the mitochondrial antiviral-signaling (MAVS) adaptor. MAVS activation results in the coordinated activation of the NF-κB and IRF3 transcription factors. NF-κB activation through the IKK α/β/γ kinase complex is in part mediated by a CARD9--BCL10-dependent pathway. IRF3 activation is dependent on the IKK-related TBK1/IKKε kinases. These in turn regulate the transcription of type I (orange spheres) and type III interferons (IFNs) (blue spheres), as well as of proinflammatory cytokines (purple spheres) including pro-IL-1β (double inverted pink triangle). RIG-I, but not MDA5, also mediates the activation of the inflammasome and subsequent caspase-1 activity (purple cylinder) that leads to the production of mature IL-1β (pink triangle). MDA5 is also involved in the regulation of the non-canonical NF-κB pathway and in the sustained activity of IRF3 by interfering with its proteasome-mediated degradation. Mechanisms currently uncharacterized are depicted by question marks. Abbreviations: P, phosphorylation; U, ubiquitination.Figure 2

Initial attempts to use synthetic RNA as **immunostimulants** to improve human health were performed using polyinosinic:polycytidylic acid \[poly(I:C)\] or derivatives, but with limited success [@bib0020]. With the advancement of knowledge about the mechanisms of ligand recognition and function of RLRs, the possibility of using RLR ligands as pan-antivirals, vaccine **adjuvants**, and antitumor agents has gained much attention [@bib0025]. While studies using RIG-I RNA **agonists** are accumulating, MDA5-targeted strategies suffer from the limited availability and diversity of pharmacologically usable ligands. However, important functional divergences between RIG-I and MDA5 have recently been reported, potentially providing new therapeutic opportunities. We address here the recent concepts and remaining gaps in our knowledge regarding the similarities and differences of RIG-I and MDA5 ligands and their signaling and biological functions. We highlight how such knowledge should be considered in the choice and design of specific and potent nucleic acid agonists, and discuss options for targeting RIG-I and/or MDA5 to achieve the best antiviral and immunomodulatory response for therapeutic and vaccine adjuvant development.

RIG-I and MDA5 Ligand-Binding Specificities: What Do We Know? {#sec0010}
=============================================================

Both RLRs recognize RNA species carrying **pathogen-associated molecular patterns** (PAMPs). The characteristics of selective RIG-I and MDA5 ligands have recently been reviewed [@bib0005], [@bib0010]. Thus, we will only highlight the recent advances and concepts relevant to the design of selective and potent RIG-I and MDA5 agonists. Using *in vitro* transcribed (*ivt*) viral RNA analogs, it was determined that the consensus minimum RNA size required for RIG-I recognition and signal transduction is as short as 10 bp, but the maximum size over which binding to RIG-I is suppressed remains unknown [@bib0030], [@bib0035], [@bib0040], [@bib0045]. By contrast, it is generally accepted that MDA5 senses high molecular weight (HMW) RNA species [@bib0035], [@bib0050]. Although the minimum length of MDA5 ligand remains unresolved, length-dependent induction of IFNs by *ivt* double-stranded (ds) RNA in RIG-I-deficient murine embryonic fibroblasts (MEFs) suggests that ligands as short as 100 bp can activate MDA5 [@bib0050]. Elucidation of the structural mechanisms of RLR activation has provided key information that has helped explain RIG-I and MDA5 ligand length discrimination. Long dsRNA species serve as a scaffold to facilitate the cooperative assembly of MDA5 into long polymers, thereby facilitating optimal interaction of the exposed multiple CARDs with MAVS [@bib0055], [@bib0060], [@bib0065], [@bib0070]. On the other hand, RIG-I forms shorter signaling-competent ligand-bound filaments [@bib0075], [@bib0080]. *In vitro* and biochemical analyses indicate that MDA5 filaments nucleate from an internal region and propagate toward the ends of dsRNA, while RIG-I exhibits an end-capping pattern before oligomerization into shorter filaments [@bib0065], [@bib0075], [@bib0080], [@bib0085]. Although these observations support the hypothesis that filament dynamics explain the difference in RIG-I and MDA5 oligomerization capacities and signaling from RNA duplexes of different lengths, this might be overly simplistic. Considering that filament formation is ATP-dependent and that binding of a monomer of RIG-I, but not of MDA5, to the 5′-triphosphate (5′ppp) terminal region of short *ivt* dsRNA is sufficient for optimal signal transduction, it can be speculated that RIG-I filament formation on HMW dsRNA would be energy-demanding and less efficient [@bib0040], [@bib0065], [@bib0075].

In addition to ligand length, RNA structure and modifications must also be taken into consideration for the synthesis of specific and high-affinity RIG-I and MDA5 agonists. The salient chemical features for RIG-I engagement consist of higher-order structure, in the form of an RNA duplex or **panhandles**, and a 5′ppp moiety [@bib0090], [@bib0095], [@bib0100]. Although *ivt* single-stranded (ss) RNA synthesized using bacteriophage T7 polymerase activates RIG-I-dependent IFN production, it is important to consider that phage polymerases produce transcripts containing 5′ppp and regions of higher-order structure resulting from a 'copy-back' mechanism [@bib0105]. dsRNA structures of ligands are also essential for MDA5 activation, but 5′ppp is not required [@bib0035], [@bib0050], [@bib0110]. Furthermore, research aimed at understanding the mechanism of selective recognition of non-self versus self-RNA by RIG-I has also provided insights into the impact of **RNA capping**. 2′-*O*-methylation of cap-1, but not *N*-7-methylation of cap-0, is crucial to abolish the binding of RIG-I to self-RNA [@bib0030], [@bib0115]. 2′-*O*-methylation of mRNA also prevents detection by MDA5, a mechanism used by coronaviruses to evade MDA5 recognition [@bib0120]. Comparison of unmodified RNA with RNA containing modified nucleotides that are present in the human transcriptome, such as *N*-6-methyladenosine, 5-methylcytidine, pseudouridine, *N*-1-methylpseudouridine, and 2′-fluorodeoxyribose, showed that modified nucleotides suppress RIG-I binding and signaling, although through different mechanisms [@bib0125]. However, it remains to be determined if and how these modifications alter MDA5 activation.

An additional open question concerns the contribution of nucleotide composition to the specificity and efficiency of RIG-I and MDA5 binding and activation. The first suggestion of a role of the nucleotide sequence came from the observation that the poly(U/UC) region of the 3′-untranslated region (UTR) of hepatitis C virus (HCV) [@bib0130] viral RNA, and of the corresponding poly-A-containing RNA replication intermediate, confers the capacity to functionally bind to RIG-I, but not to MDA5 [@bib0135], [@bib0140], [@bib0145]. Reduction of the A/U content of the RNA impairs RIG-I activation [@bib0135]. Similarly, modification of the nucleotide sequence of *ivt* 5′ppp RNA can potentiate the activation of RIG-I-dependent antiviral and inflammatory activities without altering ligand specificity [@bib0150]. In a measles virus infection, deep sequencing revealed that RNA species crosslinked to MDA5 or RIG-I were enriched in AU-rich RNA species, and the AU content positively correlated with their immunostimulatory capacity [@bib0155]. Although this supports the importance of the RNA sequence in RLR activation, it remains unclear if the nucleotide sequence impacts on specific binding to RIG-I and/or MDA5. Overall, ligand length remains the only discriminating parameter that can currently be used to design specific RIG-I and MDA5 agonists for pharmacological applications. It seems clear, however, that future developments will need to take into account not only length but also higher-order structure, sequence, and RNA modifications. Future work should aim at characterizing the impact of each, and combinations thereof, on RIG-I and MDA5 binding, as well as the ability to engage downstream signaling.

Redundancy and Divergence of RIG-I and MDA5 Functions {#sec0015}
=====================================================

The rationale behind the search for specific ligands relies on accumulating evidence of striking functional differences between RIG-I and MDA5. The first observation of a major difference arose from the attempts to generate RLR-specific knockout mice in the C57BL/6 mice strain, which is the most commonly used to study the antiviral immune response [@bib0160], [@bib0165]. Whereas MDA5-deficient mice were healthy without noticeable defects, RIG-I-deficient mice exhibited high embryonic mortality, growth retardation, with death within 3 weeks of birth or fetal liver degeneration [@bib0160], [@bib0165]. Generation of a viable RIG-I-deficient mouse model required backcrossing onto the 129S1 strain, which is widely used for its genetic flexibility [@bib0170]. These RIG-I-deficient mice spontaneously develop pathological phenotypes leading to colitis [@bib0165]. None of these phenotypes have been reported in MDA5-deficient mice.

**Single-nucleotide polymorphisms** (SNPs) in *DDX58 and IFIH1*, encoding RIG-I and MDA5, respectively, are associated with various clinical inflammatory and autoimmune presentations, suggesting important functional redundancies but also likely differences ([Figure 1](#fig0005){ref-type="fig"}). Several **gain-of-function (GOF) mutations** in *DDX58* and *IFIH1* are associated with Singleton--Merten syndrome (SMS) ([Box 1](#tb0005){ref-type="boxed-text"} ), although with variable clinical features, as recently reviewed [@bib0175]. Mutations c.2465G \> A \[p.R822G\], c.992C \> T \[p.T331I\] and c.992C \> G \[p.T331R\], and c.1465G \> A \[p.A489T\] in *IFIH1* were found in patients with classical SMS, whereas c.1118A \> C \[p.E373A\] and c.803G \> T \[p.C268F\] in *DDX58* were associated with atypical SMS [@bib0175]. Although currently known missense mutations of *DDX58* are restricted to SMS phenotypes, additional *IFIH1* GOF polymorphisms, c.1009A \> G \[p.R337G\], c.1178A \> T \[p.D393V\], c.1114C \> T \[p.L372F\], c.1354G \> A \[p.A452T\], c.1483G \> A \[p.G495R\], c.2159G \> A \[p.R720Q\], and c.2335C \> T \[p.R779C\], are associated with Aicardi--Goutières syndrome (AGS) ([Box 1](#tb0005){ref-type="boxed-text"}) [@bib0180], [@bib0185]. Intriguingly, the c.2336G \> A \[p.R779H\] GOF mutation was found not only in patients with phenotypes indicative of AGS but also in systemic lupus erythematosus (SLE) ([Box 1](#tb0005){ref-type="boxed-text"}) [@bib0185], [@bib0190]. Similarly, a *IFIH1* c.2836G \> A \[p.A946T\] variant was identified as a risk factor for type 1 diabetes, SLE, and Graves' disease ([Box 1](#tb0005){ref-type="boxed-text"}) [@bib0195], [@bib0200], [@bib0205]. All these missense mutations affect the helicase domain and were associated with an increased IFN-I signature [@bib0180], [@bib0185], [@bib0190], [@bib0210], [@bib0215], [@bib0220]. Direct evidence linking RLR GOF-associated IFN-I upregulation to inflammatory and autoimmune phenotypes is currently limited. However, the lupus-like symptoms observed in the mouse model harboring *Ifih1* c.2475G \> A \[p.G821S\] are associated with spontaneous IFN-I induction in multiple organs and were abolished on MAVS- or IFN-I receptor-deficient backgrounds, thus providing the first direct link between MDA5 GOF mutation and an autoimmune phenotype [@bib0225].Box 1Autoimmune and Inflammatory Diseases Associated with RIG-I and MDA5 SNPs**Singleton--Merten Syndrome (SMS)**A rare genetic multisystem disorder. The most common symptoms include, but are not limited to, tooth abnormalities, calcification of major arteries and aorta, reduced bone density affecting limbs, atrophy, and abnormal development in general. SMS is classified as either classical or atypical. The large majority of patients exhibit typical clinical presentation. However, patients exhibiting SMS symptoms but with normal dentition have been reported. These cases of SMS have been classified as atypical SMS [@bib0220], [@bib0430].**Aicardi--Goutières Syndrome (AGS)**A rare neurological and developmental genetic disorder causing severe mental and physical handicap. It is described as an early-onset disorder of the nervous system with rapid progression toward a vegetative state and death. AGS patients exhibit, among other phenotypes, signs of encephalopathy including radiological abnormalities in the white matter and an increased number of lymphocytes in the cerebrospinal fluid (CSF). Other relevant signs and symptoms include brain atrophy and increased levels of type I interferon (IFN-I) in the CSF, as well as abnormal enlargement of the liver and skin lesions [@bib0435].**Systemic Lupus Erythematosus (SLE)**A systemic multiorgan autoimmune disorder with heterogeneous disease manifestations and organs affected, including skin rashes, chronic fatigue, arthritis, severe glomerulonephritis, and neurological impairments. The loss of immune tolerance to self-antigens in SLE autoimmunity results from dysregulation of multiple cellular components, including several proinflammatory cytokines (notably type I interferons), disruption of the clearance of apoptotic waste and immunocomplexes, the presence of autoantibodies, abnormalities of the complement pathways, and disrupted lymphocyte immune responses [@bib0440], [@bib0445].**Type-1 Diabetes**Also called insulin-dependent diabetes, type 1 diabetes is a chronic condition in which the pancreas does not produce sufficient insulin, the hormone necessary for cellular uptake and metabolism of glucose. This results in accumulation of glucose in the bloodstream, hence causing symptoms such as extreme fatigue, weight loss, frequent urination, blurred vision, etc. Complications resulting from type 1 diabetes can result to death. Diabetic patients need to receive recombinant insulin for the rest of their life [@bib0450].**Graves'Disease**Also called toxic diffuse goiter, Graves' disease is the most common cause of hypothyroidism which significantly affects the quality of life. Clinical manifestations, which depend on the age of the patient at the time of hypothyroidism onset, include, but are not limited to, weight loss, weak muscle, irritability, anxiety, sleeping problems, and eye problems such as swelling, pain, redness, and double vision [@bib0455].Alt-text: Box 1

Structural analyses of RIG-I led to the proposed model where atypical SMS-causing mutations affecting the helicase 1 domain inhibit RIG-I ATPase function, thereby relieving the inhibitory mechanisms that prevent RIG-I from being activated by endogenous self-RNA [@bib0230]. Whether this mechanism explains the constitutive activation of disease-causing *IFIH1* mutations that affect the ATPase domain remains to be determined. An alternative model proposes that AGS-causing *IFIH1* mutations result in increased dsRNA avidity and constitutive activation of MDA5 by endogenous RNA recognition [@bib0185]. However, this view has been challenged because some distinct MDA5 AGS-causing mutations were found to lose ligand responsiveness and ATPase activity [@bib0180], [@bib0225]. That single *RLR* gene mutations associated with a constitutive or increased IFN-I signature lead to distinct inflammatory and **autoimmune diseases** is still puzzling. Future studies using novel mouse models should aim to further our understanding of the mechanisms underlying specific disease-causing mutations of RIG-I and MDA5 to demonstrate the causal effects of the various polymorphisms.

The structural similarities between RIG-I and MDA5, as well as the well-documented signaling through the common adaptor MAVS, initially led to the consensus view that RIG-I and MDA5 provide multiple redundant immune mechanisms to offer effective protection of the host. This concept was further supported by the observation that several viruses, including the Paramyxoviridae Sendai virus (SeV) and measles virus (MeV), the Pneumoviridae respiratory syncytial virus (RSV), the Flaviviridae West Nile virus (WNV) and dengue virus (DENV), and the Reoviridae rotavirus, engage both RIG-I and MDA5 to trigger an IFN response [@bib0155], [@bib0235], [@bib0240], [@bib0245], [@bib0250], [@bib0255], [@bib0260], [@bib0265]. However, accumulating evidence reveals distinct pathways regulated by RIG-I or MDA5 ([Figure 2](#fig0010){ref-type="fig"}). Engagement of both RLRs is well documented to activate IRF3 and NF-κB transcription factors that cooperate to initiate the expression of antiviral and proinflammatory cytokines that are essential to limit virus replication and spreading [@bib0270], [@bib0275].

Recent work yielded data that that support temporal involvement of RIG-I and MDA5 in the initiation and duration of the cytokine response. In a mouse model of SeV infection, MDA5 is required for IFN-I and -III, tumor necrosis factor (TNF)-α, and IFN-γ expression at late (day 5), but not earlier (day 2), times of infection [@bib0245]. *In vitro*, RIG-I is involved in the initiation, while MDA5 is essential for the persistence, of antiviral *IFIT1* expression induced by RSV [@bib0250]. This temporal involvement might either reflect the ability of RLRs to activate distinct, yet to be identified, signaling pathways downstream of MAVS or the generation of RIG-I and MDA5-specific PAMPs at different times of viral replication. In support of the latter, sensing of WNV infection by RIG-I and MDA5 was demonstrated to be dependent on distinct viral RNA species accumulating with different kinetics [@bib0265]. On the other hand, in the context of SeV and RSV infections, IRF3 activation is dependent on RIG-I, whereas MDA5 is only essential to dampen ubiquitination and subsequent proteasome-mediated degradation of IRF3 ([Figure 2](#fig0010){ref-type="fig"}) [@bib0250].

The proinflammatory arm of the RLR-dependent response is also subject to specific sensor regulation. Both RIG-I and MDA5 are required for RSV-induced NF-κB activation; however, only RIG-I acts upstream of the classical IκBα-dependent NF-κB pathway that is typically responsible for rapid and transient NF-κB activity ([Figure 2](#fig0010){ref-type="fig"}) [@bib0280]. This points to a distinct role of MDA5 in the regulation of the NF-κB response through a non-canonical pathway. In addition, RIG-I and MDA5 both induce the activation of NF-κB-dependent transcription of proinflammatory interleukin (IL)-6 and pro-IL-1β through a MAVS-dependent pathway involving the interaction of CARD9 with the CARD-containing adaptor BCL10, a well-known activator of apoptosis and NF-κB signaling [@bib0285], [@bib0290]. Interestingly, RIG-I, but not MDA5, triggers **inflammasome** assembly to activate caspase-1-dependent cleavage of pro-IL-1β ultimately resulting in the extracellular production of mature bioactive IL-1β [@bib0260], [@bib0265], [@bib0270] ([Figure 2](#fig0010){ref-type="fig"}). Thus, RIG-I and MDA5 play distinct roles in the induction and duration of the antiviral and inflammatory responses. Overall, our understanding of the redundancy and divergence of RIG-I and MDA5 functions is still sparse; much remains to be learned to fully comprehend the consequences of therapeutic activation of RIG-I or MDA5.

Targeting RLRs for Therapeutic and Prophylactic Strategies {#sec0020}
==========================================================

The available data hold great promise for the use of specific RIG-I and MDA5 ligands as novel pan-antivirals, vaccine adjuvants, or potentiators of anticancer immunotherapies [@bib0025], [@bib0295], but they also highlight a knowledge gap and challenges that remain to be addressed. Many studies have reported the use of RIG-I ligands in preclinical studies, but specificity for RIG-I over MDA5 and **Toll-like receptors** (TLRs) has only been demonstrated for the agonists discussed hereafter. Intracellular delivery of an *ivt* 5′ppp RNA derived from the 5′- and 3′-UTRs of vesicular stomatitis virus (VSV) -- VSV-UTR 5′ppp-RNA -- induced an antiviral and inflammatory transcriptional program that significantly protected cells against influenza virus (IAV), VSV, DENV, HCV, human immunodeficiency virus (HIV), and chikungunya virus (CHIKV) *in vitro* and *ex vivo* [@bib0300], [@bib0305]. *In vivo*, VSV-UTR 5′ppp-RNA moderately protected mice against IAV H1N1 and the H5N1-reassortant (H5N1-RE), but modification of the internal RNA sequence yielded an optimized agonist (M8) with increased antiviral activity against H5N1-RE IAV and CHIKV [@bib0150], [@bib0300] ([Table 1](#tbl0005){ref-type="table"} ). An alternative synthetic RIG-I-specific agonist composed of bent RNA formed by G--U wobble base pairs mimicking the structure of the IAV panhandle promoter (CBS-13-BPS) exhibited potent antiviral activity against IAV H1N1 and IAV resistant to the antiviral drug oseltamivir *in vitro*, as well as strong adjuvant potential *in vivo* in mice, when incorporated into the A/H1N1 PR8 inactivated IAV vaccine [@bib0310]. In addition, CBS-13-BPS triggered significant tumor regression in a murine pancreatic tumor model, indicating potential as a cancer immunotherapeutic [@bib0310]. A third type of RIG-I agonist, in the form of 5′ppp RNA harboring a stem-loop (SLR10 and SLR14), was recently found to induce greater IFN-I response compared to poly(I:C) *in vivo*; however, it remains to be tested in prophylactic or therapeutic contexts [@bib0045].Table 1Synthetic and Natural RLR-Specific dsRNA Ligands (Agonists) Evaluated *In Vivo*[a](#tblfn0005){ref-type="table-fn"}Table 1RLR ligandSalient featuresRLR specificity*In vivo* pharmacological evaluationObservationsAdministrationRefsM8Synthetic\
*Ivt* 5′-ppp\
Optimized from VSV 5′- and 3′-UTRsRIG-I\
*In vivo* JetPEI used to avoid TLR3Antiviral (mice)↑ Anti-H5N1-RE protectionIntravenous[@bib0150]↑ Anti-CHIKV protectionIntraperitoneal[@bib0150]CBS-13 BPSSynthetic\
*Ivt* 5′-OH\
Bent structureRIG-I\
*In vivo* JetPEI used to avoid TLR3Vaccine adjuvant (mice)↑ Efficiency of an inactivated H1N1 vaccineIntranasal[@bib0310]Cancer immunotherapeutic (mice)↓ Pancreatic tumorIntratumor injection[@bib0310]SLR10 and SLR14Synthetic\
*Ivt* 5′ppp\
Stem-loop structureRIG-I\
*In vivo* JetPEI used to avoid TLR3IFN-inducer and immunostimulant (mice)↑ Serum IFN-I and TNF-αIntravenous[@bib0045]↑ IFN-I and IFN-III mRNA in spleenIntravenous[@bib0045]Poly(IC:LC)Synthetic\
Modification of poly(I:C)MDA5\
TLR3Immunostimulant (mice)↑ IFN-I in BALF, lungs, and serumIntranasal and intramuscular[@bib0315]Antiviral (mice)↑ Anti-SARS-CoV protectionIntranasal[@bib0320]↑ Anti-H1N1 and -H3N2 protection[@bib0330]↓ RSV replication\
↓ Morbidity[@bib0315]Cancer immunotherapeutic (human)↑ Immunogenicity of an ovarian cancer vaccineSubcutaneous[@bib0345]↑ Immunogenicity of a glioma vaccineIntramuscular[@bib0340]Safely incorporated into a pancreatic cancer vaccineIntramuscular[@bib0335]rb-dsRNANatural\
Endornavirus genome\
From edible plantsMDA5\
TLR3Immunostimulant (mice)↑ IFN-I and IL-1β\
in BALFIntranasal[@bib0350]MDA5\
TLR3Antiviral (mice)↑ Anti-H1N1 and -SeV protectionIntranasal[@bib0350]NAB2Natural\
Genome of *Saccharomyces cerevisiae* virus of the Totoviridiae familyMDA5\
TLR3Cancer immunotherapeutic (mice)↑ Efficacy of a MUC1-positive lymphoma vaccineSubcutaneous[@bib0355]MDA5\
TLR3IFN-inducer and immunostimulant (mice)↑ Serum IFN-IIntraperitoneal[@bib0360][^1]

The difficulty associated with template-dependent synthesis of HMW RNA, added to the poorly defined specific features of MDA5 ligands, have limited the large majority of MDA5-related studies to the use of HMW poly(I:C) analogs. In the late 1960s, HMW poly(I:C) was evaluated as an immunostimulant *in vivo* with little to no success [@bib0020]. A more stable derivative, poly(IC:LC), obtained by modification with poly-L-lysine and carboxymethyl cellulose, has been successfully used in mice for prophylactic and therapeutic protection against a broad spectrum of human viruses including lethal severe acute respiratory syndrome coronavirus (SARS-CoV), lethal H5N1 IAV, and RSV ([Table 1](#tbl0005){ref-type="table"}) [@bib0315], [@bib0320], [@bib0325], [@bib0330]. Incorporating poly(IC:LC) as adjuvant also enhanced the clinical efficiency of experimental vaccines in patients with recurrent malignant glioma, ovarian cancer, or pancreatic cancer [@bib0335], [@bib0340], [@bib0345]. The undefined structure, heterogeneity, and **polydispersity** of HMW poly(I:C) and analogs together with unpredictable pharmacokinetics and toxicity, present a hurdle for therapeutic use [@bib0020]. Identifying novel, structurally defined MDA5 ligands is an attractive avenue for developing new therapeutics.

Towards this, two natural MDA5-activating HMW dsRNA have recently been reported ([Table 1](#tbl0005){ref-type="table"}). A dsRNA (rb-dsRNA) corresponding to the genome of endornavirus extracted from rice bran, that is found in several plants, significantly reduces the mortality and morbidity caused by H1N1 IAV and SeV, respectively, in mice [@bib0350]. The nucleic acid band 2 (NAB2), a dsRNA corresponding to a yeast virus of the Totoviridiae family, induces a stronger IFN-I response compared to poly(I:C) *ex vivo*, and strongly increases the efficacy of an attenuated poxvirus modified vaccinia virus Ankara (MVA)-based vaccine targeting cancer cells expressing the vaccine antigen mucin-1 (MUC-1) in mice [@bib0355], [@bib0360]. However, data on MDA5 agonists should be interpreted with caution in relation to the impact on specific MDA5 stimulation. The poly(I:C) analogs, rb-dsRNA and NAB2, concomitantly activate TLR3, which is associated with a strong inflammatory response [@bib0365]. Complex formulations, such as the JetPEI transfection reagent, have been successfully used *in vivo* in mice for intracellular delivery of RIG-I ligands to bypass TLR3 activation [@bib0045], [@bib0150], [@bib0310] ([Table 1](#tbl0005){ref-type="table"}). This approach would be worth testing with MDA5 ligands in preclinical studies. However, the application of these strategies to specifically engage RLRs in human trials remains challenging [@bib0370].

Although the above studies have started to build a case for the beneficial therapeutic usage of specific RIG-I and MDA5 agonists, evidence is missing to make an informed choice on the best ligand to trigger an appropriate response for particular applications. Comparative analyses of the antiviral or immunomodulatory activities of RIG-I and MDA5-specific agonists against various tumors and viruses in animals and humans should be instructive. An efficient antiviral response against several viruses involves both RLR sensors [@bib0155], [@bib0165], [@bib0235], [@bib0240], [@bib0245], [@bib0250], [@bib0255], [@bib0260], [@bib0280]. Furthermore, ectopic expression of MDA5 *in vitro* prolongs RIG-I-dependent IRF-3 activation, suggesting that dual engagement of RIG-I and MDA5 has the potential to trigger a sustained antiviral response [@bib0250]. Therefore, one could speculate that strategies targeting both RIG-I and MDA5 could provide therapeutic advantages. The complete assessment of this hypothesis is limited by the availability of ligands proven to be capable of equally activating both RLRs. A strategy of mixing the RIG-I and MDA5 ligands would most likely be biased by different rates of stability and uptake of each ligand by the host cells. Moreover, the design of a universal RLR ligand is in turn hampered by incomplete knowledge of a common PAMP signature.

The advantages of using RIG-I or MDA5 ligands over IFNs as pan-antivirals is a question worth discussing. Recent studies have highlighted differences in the contributions of IFN-I and IFN-III to the antiviral response [@bib0375], [@bib0380]. Extensive clinical use of IFN-I has clearly documented dose-related adverse events, highlighting the deleterious effect of an increased or prolonged IFN-I response [@bib0385]. However, a clinical trial using IFN-III in patients with chronic HCV infection reported an antiviral activity similar to that of IFN-I but with fewer systemic adverse effects, likely owing to the restricted distribution of the IFN-III receptor [@bib0390]. Therefore a type III response seems to be more favorable than a type I response for antiviral applications. Both IFN-I and -III transcriptional signatures are induced *in vitro* by VSV-derived 5′ppp-RNA RIG-I ligands ([Table 1](#tbl0005){ref-type="table"}), but the balance between the two responses remains to be fully evaluated *in vivo* [@bib0150], [@bib0300]. SLR10 and 14 ligands ([Table 1](#tbl0005){ref-type="table"}) selectively induce high IFN-I gene expression associated with a weak type IFN-III response, a balance that is opposite to that triggered by poly(I:C) [@bib0045]. Although data using poly(I:C), which is recognized by MDA5, suggest a more favorable IFN balance for antiviral applications, such evidence using MDA5-specific ligands is not yet available. Further studies clarifying the relevance of the balance between IFN-I and -III in the quality of the antiviral immunity will be necessary to determine the best ratio for therapeutic indications and whether this can be achieved using RLR ligands.

The idea of inducing physiologically relevant levels of IFNs through the activation of signaling pathways leading to the transcriptional control of endogenous *IFN* genes might also limit the deleterious effects observed with exogenous IFNs. With this in mind, an alternative approach to RLR ligands that is currently at early stage of investigation is the use of IRF3 agonists to induce the IFN response [@bib0395], [@bib0400], [@bib0405]. The use of RLR ligands, however, presents the particularity of inducing a proinflammatory response in addition to triggering the induction of IFNs. Inflammation, although necessary to resolve virus infection, is also responsible for disease pathogenesis when the strength and duration of the response are not strictly controlled [@bib0410]. A major gap in knowledge that needs to be addressed for appropriate pharmacological use of specific RLR RNA agonists concerns the beneficial versus the undesirable effects of the induced inflammatory response. Identification of SNPs in human *DDX58*, and to a greater extent in *IFIH1*, teaches us that uncontrolled activation of RLRs is associated with the onset of chronic inflammatory or autoimmune diseases ([Figure 1](#fig0005){ref-type="fig"}) [@bib0180], [@bib0185], [@bib0190], [@bib0210], [@bib0215], [@bib0220]. Further studies will be necessary to thoroughly evaluate if RIG-I- and/or MDA5-specific agonists provide immunostimulatory effects *in vivo* at the expense of a systemic elevated cytokine response that is responsible for long-lasting adverse effects [@bib0410]. Moreover, the inflammasome response should also be analyzed carefully: although it can be beneficial, it can also promote hyperinflammation and cell death [@bib0415]. Whether RIG-I ligand-induced inflammasome activation would provide an advantage over, or induce more adverse effects than, a non-inflammasome activating MDA5-specific strategy is a question worth addressing [@bib0285], [@bib0350], [@bib0420].

Concluding Remarks and Future Perspectives {#sec0025}
==========================================

Less than two decades after the first reports characterizing the role of RLRs in immunity, we are closer than ever to having RLR ligands in clinical applications. Pilot trial and ongoing clinical trials in humans are yielding promising results, notably for cancer immunotherapy [@bib0335], [@bib0340], [@bib0345], [@bib0425]. Although we have come a long way and key milestones have been reached, there are still significant knowledge gaps that need to be filled by use of molecular, cellular, and structural biology approaches to not only be able to design exclusive and potent RIG-I or MDA5 ligands but also to decide on the most appropriate target for use in antiviral, vaccine adjuvant, or cancer immunotherapeutic applications (see Outstanding Questions). As discussed here, accumulating evidence demonstrates that distinct functions are induced following RIG-I or MDA5 engagement. We opine that these functional divergences need to be considered in the choice of agonists for therapeutic purposes. For instance, although ligand-induced cell death might be associated with adverse effects in antiviral applications, it might be beneficial in cancer therapeutics -- where this could be harnessed to induce tumor cell death in conjunction with stimulating antitumor immunity. To achieve this, we need a more systematic and thorough characterization of the specificity of ligands used in preclinical studies. This will also allow determining the pros and cons of targeting RIG-I, MDA5, or the two simultaneously. Failing to do so might yield an incomplete picture of the clinical relevance and efficiency of ligand-based strategies to be considered for large-scale clinical trials and commercialization. Finally, in the era of personalized medicine that aims at using tailor-made drugs for a unique genetic profile, instead of one-size-fits-all medicine, one would think that having specific ligands for RIG-I or MDA5 would provide a range of options for patients with a receptor genetic polymorphism that could affect ligand binding.Outstanding QuestionsWhat are the features of RNA ligands that will allow the synthesis of RIG-I- and MDA5-specific agonists: is there a maximum ligand length required for RIG-I activation and a minimum length for MDA5 binding?Can the nucleotide sequence or 5′-terminal and internal nucleotide modifications alter the affinity of RIG-I and MDA5 to ligands?What are the functions, and the underlying mechanisms, specifically mediated by RIG-I or MDA5? Could this knowledge be harnessed to develop the most appropriate antiviral, vaccine adjuvant, or cancer immunotherapeutics?Is it necessary to avoid TLR3 engagement in every RLR-targeting strategy? If necessary, what formulation will allow intracellular delivery of RLR agonists for clinical applications in humans?Would strategies specifically targeting either RIG-I or MDA5 have an advantage over the simultaneous engagement of both RIG-I and MDA5 in the context of particular prophylactic or therapeutic applications?To what extent would RLR ligands provide efficient antiviral therapeutic effects when given after the infection? What would be the window of therapeutic opportunity?Are RLR ligands appropriate as a counter-measure in the farming industry to limit the spread of viruses such as influenza during outbreaks in swine or poultry?Why do distinct RIG-I and MDA5 polymorphisms associated with an increased IFN response result in different autoimmune and inflammatory diseases? Does this predict adverse effects that could result from clinical use of ligand-mediated activation of RIG-I and MDA5?How do polymorphisms impact on the response of patients to RLR ligands?

**Adjuvant**

:   a molecule that potentiates the host immune response to an antigen.

**Agonist**

:   a molecule that triggers a physiological response when bound to its receptor.

**Autoimmune disease**

:   a condition in which the immune system produces antibodies that attack the healthy tissues of the host.

**Caspase-recruitment domain (CARD)**

:   a motif found in many proteins involved in inflammation and apoptosis that mediates homotypic interactions between two proteins.

**Cytokines**

:   small proteins released by cells to communicate with other cells.

**Gain-of-function (GOF) mutation**

:   a type of mutation in a gene that results in an altered protein exhibiting a new function or an increased activity.

**Helicase**

:   a protein capable of unwinding nucleic acids through the hydrolysis of ATP.

**Homotypic interaction**

:   interaction through similar domains found in interacting protein partners.

**Immunostimulant**

:   a molecule capable of boosting the immune response.

**Inflammasome**

:   an intracellular multiprotein complex that triggers inflammatory responses through the activation of the thiol protease, caspase 1. It notably results in the production of mature interleukin (IL)-1β and IL-18, and induces cell death by pyroptosis.

**Interferon (IFN)**

:   a subgroup of cytokines produced by host cells in response to infections that act on the infected cell or surrounding cells to trigger the induction of genes encoding proteins with antiviral activities.

**Melanoma differentiation-associated protein 5 (MDA5)**

:   a cytoplasmic PRR that senses viral RNA or viral RNA intermediates, and whose activation leads to cytokine production.

**Panhandle**

:   a form of secondary structure found in RNA molecules arising from pairing of complementary sequences in the 3′ and 5′ ends.

**Pathogen-associated molecular pattern (PAMP)**

:   a molecular signature unique to a pathogen that is recognized as a danger signal by PRRs of host cells to induce an immune response.

**Pattern-recognition receptors (PRRs)**

:   a group of receptors that recognize molecular patterns unique to pathogens to induce an immune response.

**Polydispersity**

:   a measure of the molecular weight distribution. A polydisperse poly(I:C) solution means that the chain length varies, leading to a mixture of particles of different sizes.

**Retinoic acid-inducible gene I (RIG-I)**

:   a cytoplasmic PRR that senses viral RNA or viral RNA intermediates; activation leads to cytokine production.

**RNA capping**

:   the addition of a cap structure to mRNA in eukaryotic cells to protect them from degradation by host exonucleases and to facilitate recruitment of translation/protein factors. The cap-0 structure consists of *N*-7-methylguanylate connected to the first nucleotide. A cap-1 structure is formed by the addition of a methyl group to the second hydroxyl group of the first ribose sugar.

**Single-nucleotide polymorphism (SNP)**

:   a variation at a single position in the genome sequence within a population.

**Toll-like receptors (TLRs)**

:   a family of membrane-bound PRRs that are activated by different PAMPs. This activation results in the induction of immune events, such as the production of cytokines. Among other members, TLR3 is activated by double-stranded (ds) RNA.
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[^1]: Abbreviations and symbols: ↑, increased; ↓, decreased; BALF, bronchoalveolar lavage fluid; MUC1, mucin 1.
